We have measured the isotope shifts of 87 transitions in Sm II in the 418-465 nm spectral region and the magnetic-dipole and electric-quadrupole hyperfine constants of 13 low-lying even-parity metastable levels and 76 odd-parity levels. These results will be immediately applicable to stellar spectroscopy. 
Introduction
The lanthanides, or rare earth elements, play a significant role in studies of the nucleosynthesis of the heavier elements in the Universe as well as in measurements of chemically peculiar (CP) stars designed to infer information about the dynamics of stellar interiors [1] [2] [3] [4] . The elements beyond Fe are mainly formed by neutron capture in either of two processes: the slow or s-process, which follows the β-stability valley by adding neutrons on a time scale long in comparison to most β decays and which occurs predominantly in thermally pulsing asymptotic giant branch (AGB) stars, and the rapid or r-process, in which neutron-rich unstable nuclei are built up under extreme conditions, probably in supernovas, followed by β decay to the neutron-rich side of the valley of stability. The CP stars display surface photospheric elemental abundances that can differ by several orders of magnitude from the bulk composition, revealing the interplay of chemical fractionation due to the balance between radiative and gravitational forces in competition with remixing due to convection and microturbulence. The lanthanides provide a laboratory of sequential atomic numbers that can be used to study both nucleosynthesis and interior dynamics. Sm, in particular, has played a prominent role in the history of tests of theories of stellar nucleosynthesis as a result of the property that 148 Sm and 150 Sm are produced only by the s-process [5] .
In a recent study of the s-process, Aoki et al. [6] measured surface chemical abundances of carbonrich, very-metal-poor stars, believed to have resulted largely from mass transfer in the past from binary companion AGB stars that have since evolved into white dwarfs. One of the problems that hampered this study, as emphasized in their paper, was the lack of atomic physics data on isotope shifts (IS) and hyperfine structure (hfs), particularly for the lanthanides. The impact of these effects on the deduction of chemical abundances from stellar spectroscopic measurements of equivalent widths was first pointed out by Abt [7] : a spectral line that is split into several components will be desaturated and the inferred abundances will thus be incorrect unless the component separations are known and the effects removed; the largest errors occur on the "flat" portion of the damping curve [8] . Hartoog et al. [9] showed that removing the effects of hfs from data on 21 cool Ap and 5 Am stars changed the Eu II abundances by 0.4 dex (a factor of 2.5). Aoki et al. [6] created a line list for the singly-ionized lanthanides (the most abundant charge state) in their spectral observation region of 370-470 nm by supplementing a list developed by Sneden et al. [10] in the course of their study of the r-process in an ultra-metal-poor neutron-capture-rich giant star. The latter also pointed out the significant impact of IS and hfs on their own analysis, but, as in the case of Aoki et al., lacked the necessary data for many of their lanthanide lines, particularly in the blue region of the spectrum.
Studies of IS in Sm II date back to Brix and Koperfmann's [11] grating measurements in 1949, but the modern era began with Striganov and Kulazhenkova's [12] measurements on separated isotopes and Brandt et al.'s [13] Fabry-Pérot observations on LN 2 -cooled hollow-cathode light sources. The first precision measurements of hfs in Sm II were made by Dörschel et al. [14] in 1981, employing collinear fast-ion-beam laser spectroscopy (FIBLAS) on two transitions near 657 nm. Young et al. [15] used this technique to measure hfs in nine lines in the 573-603 nm region. Ahmad et al. [16] and Rao et al. [17] used Fabry-Pérot spectroscopy of isotopically enriched samples of 148 Sm and 154 Sm to measure the IS of 182 spectral lines. More recently, Beiersdorf et al. [18] used collinear FIBLAS to investigate IS in 18 transitions in the range 572-659 nm, and Villemoes et al. [19] used the same technique to measure IS and hfs in 16 transitions in the 573-597 nm region. These FIBLAS experiments took advantage of the presence of populated metastable even-parity levels with term energies in the range 9 400-14 500 cm −1 in the ion beam so as to be able to excite transitions using a Rhodamine 590 dye laser. However, many of the astrophysically important absorptions occur in the blue region of the visible spectrum.
In the present work, we have studied 87 transitions in the wavelength range 418-465 nm using collinear FIBLAS with a Stilbene 3 dye laser. This has enabled us to study transitions whose lower level ranges from the 4f 6 ( 7 F)6s 8 F 1/2 ground state up to even-parity levels with term energies of 5 300 cm −1 . We have been able to determine the hfs of 13 metastable even-parity levels and 76 odd-parity levels, and have measured the IS of 87 transitions. Where comparisons can be made, our new results are in good agreement with previous experiments, and in most cases represent significant improvements in accuracy. Our results for both IS and hfs will be useful in stellar spectroscopy.
Experiment
In our apparatus, Sm + ions were created by surface ionization on a hot tungsten filament and accelerated to 20 keV. A low-dispersion Wien filter was used to removed any contaminant species, but did not resolve the seven Sm isotopes (A = 144, 147, 148, 149, 150, 152, and 154) to a significant degree. The typical ion-beam current was ∼150 nA. We used a single-frequency cw ring dye laser running Stilbene 3 to provide about 140 mW of power. The ion beam and laser beam were overlapped collinearly along the axis of a hollow cylindrical electrode to which a potential of −8 to −50 V was applied to tune the Doppler-shifted wavelength into resonance with the transition frequency in the ions' rest frame. A portion of this electrode was composed of 90%-transparent conducting mesh to allow laser-induced fluorescence (LIF) to be collected by a lens and detected by a photomultiplier.
To acquire a spectrum, the laser frequency was scanned by a computer, typically in steps of 15 MHz. The computer also recorded the LIF signal, the ion-beam current, the laser power, and a frequency- 
where F and F are the total angular momenta (electronic plus nuclear) of the lower and upper level, respectively. calibration signal derived by passing a portion of the laser light through a near-confocal 989.36(27)-MHz free-spectral-range (FSR) Fabry-Pérot étalon. The transmission peaks of this étalon were used as markers to linearize the frequency scan of the laser, which is only linear to about 2%, to a corrected linearity of 0.1%. A dwell time of 200 ms per frequency step was adequate to produce good signalto-noise ratios. Typical spectra showing small and large hyperfine splitting are shown in Figs. 1 and 2, respectively. The full-width-half-maximum Doppler-limited linewidth was about 50 MHz, due almost entirely to the energy spread of the ion beam. This small value resulted from the ionization method and from kinematic compression [20] . The asymmetry in the line shape results from the energy distribution.
Analysis
The first step in the analysis was to linearize the frequency scan using the measured curve of transmission versus laser frequency for the reference étalon. Each étalon transmission peak was fit with an Airy function to extract its centre in channel units, and then an interpolating cubic spline was fit to the data pairs consisting of peak centres versus integer multiples of the étalon FSR plus an offset. Previous studies [21] have determined that a reasonable estimate of the uncertainty due to imperfect linearization of the laser frequency scan is 0.1%. Additionally, there is an 0.03% uncertainty in the value of the FSR of the reference étalon.
Next, an entire LIF spectrum was least-squares curve fit with a simulated spectrum consisting of a set of Lorentzian peaks. The adjusted parameters included IS and magnetic dipole (M1) and electric quadrupole (E2) hfs constants, plus the usual background, overall amplitude, saturation, and Dopplerlimited linewidth parameters. The relative amplitudes of the individual transitions were calculated from hfs theory and from the known isotopic abundances. 
Hyperfine-structure results
147 Sm and 149 Sm both have nuclear spin I = 7/2 and thus exhibit hfs. The aim of our analysis was to infer a minimal set of hyperfine (hf) parameters from which astrophysicists could accurately predict hfs splittings. We found it to be necessary to include both M1 and E2 terms (apart from levels with electronic angular momentum J = 1/2, which have only M1 hfs). We also found in practice that we could determine more physically meaningful E2 constants by constraining the ratios of the parameters to the values predicted by the nuclear moment ratios, and we decided to do the same for the M1 constants, i.e., to fix the hf anomaly to be zero. The energy shift of an atomic level is given (in frequency units) by [25] 
where
, I is the nuclear spin, J is the total electronic angular momentum, F is the total angular momentum of the atom, F = I + J , and all other quantum numbers of the atomic state are represented by τ . The M1 constants A(τ, J ) and E2 constants B(τ, J ) for a given state of the two odd isotopes are constrained according to 
in which µ and Q are the nuclear M1 and E2 moments, respectively. We have used the nuclear moments given in ref. 26 . Equation (1) neglects perturbations of the atomic level by other levels with the same F and different J , typically other levels from the same fine-structure manifold. However, because the hfs splittings are much smaller than the fs splittings, we can neglect such effects and arrive at effective hfs constants. As discussed above, the A and B parameters for the upper and lower states of a transition were adjusted in the least-squares fit of a complete simulated spectrum to the experimental data, from which we obtained estimates of the statistical uncertainties in the parameters. Many of the transitions we studied have common lower levels, and a few have common upper levels, allowing us to compute external estimates of the uncertainties for a given level from the observed scatter of the fitted parameters determined from different transitions. Typically these were a factor of 2.5 larger than the statistical uncertainties from curve-fitting, and we have adopted the larger of the two, where both were available. To the statistical uncertainty we added (linearly) the uncertainties discussed above that result from imperfect linearization of the laser frequency scan (0.1%) and uncertainty in the value of the reference étalon's FSR (0.03%). For those upper levels that were only observed in one transition we have imposed a lower limit of 0.6% for A and 27% for B, calculated as the average percent uncertainty plus one standard deviation for all lower levels where external estimates were available.
The results of the hfs analysis are summarized in Tables 1 and 2 , and a comparison with those from previous work by other authors is presented in Table 3 . The agreement is satisfactory in all cases.
Isotope shift results
It is important to note that the separations between peaks belonging to different isotopes in Figs. 1  and 2 are not equal to the IS but rather the sum of the IS and a relative Doppler shift due to the different velocities acquired by different masses in being accelerated through the same potential difference V . The relative Doppler shift for masses M and M is given by where σ 0 is the wave number of the transition and
A typical relative Doppler shift was 0.1 cm −1 (3 GHz) for M −M = 2. This effect is built into the model, so that the IS parameters we introduced represented the true isotope shifts directly. The ion-beam energy is determined by the potential difference between the location within the discharge in the ion source at which an ion is created and the potential in the middle of the Doppler-tuning region. To determine this accurately, we measured the Doppler shift of the 23 358.219 cm −1 transition for mass 152, with a nominal terminal voltage of 20 000 V applied to the ion source and first −50 V and then +50 V applied to the electrode of the Doppler-tuning region. A linear interpolation was used to determine ion-beam energies for the data, which were taken with Doppler-tuning voltages ranging from −8 to −50 V. The fit of the spectrum model to the data typically resulted in an estimated statistical uncertainty in the IS parameters of ≤0.2%. To this we added an 0.1% uncertainty to account for imperfect linearization of the laser frequency scan [21] and an 0.03% uncertainty in the value of the FSR of the reference étalon. Finally, we added the uncertainty in the relative Doppler shift calculated by propagating a conservative estimate of ±40 eV in the ion-beam energy through the formula in (4) above, resulting in an estimate Table 4 . We have followed the usual convention that the sign of the IS is positive if the heavier isotope corresponds to the higher frequency [22] .
Where possible, we have compared our results with previous measurements. The agreement with Brandt et al. [13] , summarized in Table 5 , is good, and our results represent a significant improvement in accuracy over theirs. The agreement with Ahmad et al. [16] and Rao et al. [17] , shown in Table 6 , is also good, with a few exceptions, and represents a very significant improvement in accuracy, considering that Rao et al. state "The accuracy of the measurements is between 1 to 3 mK depending on the intensity of the line, interference from the neighboring line and the magnitude of the IS in the line."
IS result from two distinct physical effects: a mass shift due to the motion of the nucleus and a field shift (FS) due to the nuclear volume and shape. The mass shift can be separated into two parts: the normal mass shift (NMS), which is analogous to the reduced mass correction in a one-electron atom and which is easily evaluated as
(m e is the mass of the electron), and the specific mass shift (SMS), which results from correlation of electron motion in multielectron atoms and is difficult to evaluate. A King plot [23] serves as a check on the consistency of the data, and can also be used to separate the SMS and FS. Figure 3 shows such a diagram for the 439.087 and 464.223 nm transitions. Both axes are "modified residual" IS. First we have calculated the "residual" IS by subtracting the NMS given by (6),
and then "modified" them by scaling according to . This scaling, chosen because the NMS and SMS are closely proportional to 1/M, produces a straight line on the King plot, whose slope is the ratio of the electronic factors (E i ) of the FS of the two transitions (i = 1, 2), and whose intercept yields a linear combination of the SMS parameters (K i ) [22, 23] . As can be seen in Fig. 3 , the data agree well with a straight line. 
Conclusions
We have measured the IS of 87 transitions in Sm II, and have measured the M1 and E2 hfs parameters of 13 low-lying even-parity metastable levels and 76 odd-parity levels. These results are in good agreement with previous work, where comparison is possible, and they extend our knowledge of these properties into a range of wavelengths that will be of immediate use in astrophysics.
